After decades of intense studies focused on cryogenic and room temperature nanophotonics, scientific interest is also growing in high-temperature nanophotonics aimed at solid-state energy conversion. These latest extensive research efforts are spurred by a renewed interest in high temperature thermal-toelectrical energy conversion schemes including thermophotovoltaics (TPV), solarthermophotovoltaics, solar-thermal, and solar-thermochemical energy conversion systems. This field is profiting tremendously from the outstanding degree of control over the thermal emission properties that can be achieved with nanoscale photonic materials. The key to obtaining high efficiency in this class of high temperature energy conversion is the spectral and angular matching of the radiation properties of an emitter to those of an absorber. Together with the achievements in the field of highperformance narrow bandgap photovoltaic cells, the ability to tailor the radiation properties of thermal emitters and absorbers using nanophotonics facilitates a route to achieving the impressive efficiencies predicted by theoretical studies. In this review, we will discuss the possibilities of emission tailoring by nanophotonics in the light of high temperature thermal-to-electrical energy conversion applications, and give a brief introduction to the field of TPV. We will show how a class of large area 2D metallic photonic crystals can be designed and employed to efficiently control and tailor the spectral and angular emission properties, paving the way towards new and highly efficient thermophotovoltaic systems and enabling other energy conversion schemes based on high-performance high-temperature nanoscale photonic materials.
Introduction
Photonic crystals (PhCs) are periodically nanostructured metamaterials with extraordinary optical properties. [1] [2] [3] [4] They exhibit a complex photonic band structure of allowed (propagating) and forbidden (decaying) states in a wavelength range comparable to the length scale of their structure. In particular, metallic photonic crystals have been shown to possess large bandgaps. [5] [6] [7] [8] The ability to modulate the photonic density of states and hence spontaneous emission rates in metallic PhCs opens a wide range of possibilities to design and tailor thermal radiation sources.
9,10
An ideal thermal emitter follows Planck's law of blackbody radiation. Most realistic materials are not ideal blackbody emitters but rather 'graybodies', showing less than ideal emission, depending on the bulk material properties and their geometry. To tailor thermal emission with respect to spectral, directional and polarization properties, material structuring on the subwavelength level is necessary. Photonic crystals with new absorption and emission properties can indeed be created, and their extraordinary properties enable enhanced emission approaching that of an ideal blackbody radiator, as well as tailored spectrally and directionally selective behavior. It has also been shown that photonic crystals can have narrow angular and spectral thermal radiation properties resulting in increased spatial and temporal coherence in the far field.
11-13 Thus, photonic crystals pave the way from classical isotropic, broadband and incoherent thermal radiation sources towards controlled spectrally and directionally selective, quasicoherent and highly efficient thermal radiation sources at very high operating temperatures.
This new class of highly selective absorbers and emitters enables the next generation high performance energy generation and conversion applications like solar thermal applications, concentrated thermal and thermophotovoltaics (TPV). In these thermal-to-electrical energy conversion schemes, one key factor to achieving high efficiency is the spectral and angular matching of the radiation properties of emitter and absorber. In TPV systems, thermal radiation from a high temperature emitter has to be spectrally matched to the bandgap of the photovoltaic (PV) cell, enabling efficient conversion into electricity. In solar thermal as well as solar TPV systems, an efficient absorber matched to the (very high temperature) solar radiation is essential. Therefore, highly selective absorbers and emitters are a critical element as a spectral conversion step in solid state thermal-to-electric energy conversion applications, which we will discuss in more detail at the end of this review as a showcase example of an application where the unique abilities of nanophotonics can achieve outstanding results. Beyond this scope, highly selective emitters/ absorbers can also be applied as highly efficient infrared radiation sources and sensors for infrared spectroscopy and sensing applications, like highly selective gas and chemical sensing.
13,14
Earlier designs for selective absorbers and emitters are based for the most part on multilayer and multimaterial structures as well as metal-dielectric composite coatings, which show restricted suitability for high temperature applications due to their limited thermal material and structural stability. In contrast, we have demonstrated -based on theory, modeling, optimization, and experimental results -that two-dimensional (2D) metallic photonic crystals (PhCs) hold immense potential for high-performance, high-temperature, spectrally and directionally selective thermal emitters. Our most recent approach presents selective emitters based on tantalum (Ta), whose inherent material properties allow for simple integration of these devices into complex systems like high temperature solid state energy conversion schemes, bringing this highly promising field one step closer to high-efficiency applications. The fabrication route we have laid out for Ta PhCs paves the way to large area selective emitters: 5 cm diameter polycrystalline substrates were used for our latest devices, and PhCs were fabricated in these substrates by standard microfabrication processes. Measurements of fabricated high aspect ratio Ta 2D PhCs show enhancement of the emissivity at wavelengths below the cut-off wavelength approaching that of blackbody, steep cut-off between high and low emissivity spectral regions, and a high level of spectral selectivity. Moreover, detailed simulations and analytical modeling show excellent agreement with experimental results.
In addition to our latest results, we will provide an overview of tungsten (W) PhC selective absorbers and emitters presented in recent years and describe a route to modeling and optimization of metallic PhCs from fundamental principles to tailor the emission properties in any desired way. An introduction to the exciting field of thermophotovoltaics as an application that is profiting immensely from the latest results in high temperature nanophotonics, enabling high efficiency solid-state hightemperature energy conversion, is presented as an outlook to the promising future of high-temperature nanophotonics.
High temperature nanophotonics
The ability to tailor the photonic density of states and thereby thermal radiation in photonic crystals allows for the efficient design of highly selective and highly efficient radiation sources. In the past, PhCs have been designed both for highly selective narrow band thermal emission with a focus on spectral, directional and polarization selectivity 11, 13, 15 as well as wideband thermal emissivity close to blackbody in a target wavelength range and suppressed emission otherwise. 5, [16] [17] [18] [19] [20] Both narrowband angular 15 as well as broadband angular selectivity 21, 22 can be achieved with such designs. However, in this review, we concentrate on high performance broadband selective thermal sources and absorbers with critical emphasis on obtaining the optimized broadband optical response that is necessary to provide the high power density needed in solid state energy conversion applications, while maintaining critical high temperature performance and stability. In the face of the targeted high operating temperatures (>1000 K) stringent challenges regarding material design have to be met, and proper material selection to prevent melting, evaporation or chemical reactions, severe minimization of any material interfaces to prevent thermochemical problems such as delamination and structural stability in the presence of surface diffusion are critical.
Recent achievements: tantalum photonic crystals
Recent work on tungsten (W) photonic crystals 16, 20, [22] [23] [24] [25] for high temperature applications demonstrated very promising results regarding selective thermal emitters. In our most recent work however, we try to tackle some of the shortcomings of tungsten (e.g. W is extremely difficult to weld, impeding successful system integration) from a materials research point of view and broaden the range of substrate materials used for high temperature photonic applications, and demonstrate how the substrate and its properties can be tailored to meet to the specific needs of the application, including optical, mechanical, and thermomechanical properties.
In particular, we use polycrystalline Ta as a substrate, which has a high melting point (3290 K) and low vapor pressure similar to tungsten as well as good intrinsic selective emissivity, with a long wavelength emissivity even below that of W. Moreover, Ta is weldable and machinable, which allows for easy integration into any device design e.g. for energy conversion applications. The concept demonstrated here however, can be extended to other refractory metals as well as their alloys, like tantalumtungsten, which allows to tailor the mechanical, chemical, electrical, optical and thermo-mechanical substrate properties according to the system requirements.
In Fig. 1 the simulated spectral emission of a Ta PhC at normal angle, optimized for a cut-off wavelength of l PV ¼ 2.3 mm is compared to the emission of flat Ta 26 and blackbody emission at 1200 K. We employ a finite difference time domain (FDTD) algorithm 27 implemented via MEEP, 28 a freely available software package developed at MIT, for simulation of the optical properties of the PhCs, which are designed as a square array of circular cavities with a period a, radius r and cavity depth d etched into the substrate (see inset in Fig. 1 ). The optical dispersion relation of Ta is incorporated in the simulations via a Lorentz-Drude oscillator model, whose parameters are fitted to the experimentally measured reflectance of flat polished Ta. By matching the quality (Q) factors of the radiative and absorbing modes of the cavities of the PhC, 25,29 the emission below the cutoff wavelength is greatly increased from the intrinsic emission of flat Ta, approaching that of a blackbody. At the same time, the emission at wavelengths above the cut-off is kept low, approaching that of the bare substrate for long wavelengths (above 6 mm), minimizing losses due to waste heat and achieving high selectivity.
The optimized parameters of this PhC, designed for a cut-off wavelength of l PV ¼ 2.3 mm are a cavity radius of r ¼ 0.62 mm, a period a ¼ 1.35 mm and an etch depth of d ¼ 14.95 mm. As the emissivity of bare Ta below this cut-off wavelength is low, the PhC needs deep cavities to allow for a high quality factor Q of the fundamental cavity resonant mode, and a long interaction time of the radiation in this mode to be efficiently absorbed. With this design, a normal spectral efficiency (i.e. the ratio of useful emitted power below the cut-off wavelength to the total emitted power at a given temperature) of 66.7% can be achieved at 1200 K. For a greybody the spectral efficiency is typically less than about 35%, in particular for flat Ta it is 31.5% at 1200 K. At the same time, the total amount of useful emission below cut-off is increased to 726.7 mW cm À2 for the optimized Ta PhC at normal angle, as opposed to only 29.6 mW cm À2 for a flat Ta substrate.
The simulated emissivity of Ta PhCs optimized for different cut-off wavelengths of l PV ¼ 1.7, 2.0 and 2.3 mm and that of flat Ta (as obtained from measured reflectivity of a flat polished substrate at room temperature) is shown in Fig. 2 . Here, the etch depth of the cavities was limited to 8 mm to facilitate fabrication. Simulations have shown that for increased cavity depth above about d ¼ 8.0 mm, the increase of emissivity below the cut-off is diminishing. A sharp cut-off between the high emissivity range approaching unity and the low emissivity range, limited by the intrinsic emissivity of Ta, can be achieved for all of these designs. The flexible design approach based on the fundamental principles of the PhC 25,29 allows for efficient tailoring of the cut-off wavelength to match the desired bandgap l PV of the PV cell.
To demonstrate the viability of this approach, we have fabricated Ta PhCs according to our optimized design using a process similar to that used for W PhCs 24, 25 and further evolved and optimized for Ta substrates. We use large grain polycrystalline Ta, which is more affordable and readily available even as large area substrates as opposed to single crystal substrates, making large-area applications feasible. Substrates of 1.9 cm and 5 cm diameter were used to fabricate selective emitters for a radioisotope TPV application.
The polycrystalline substrates were annealed at 2250 C in vacuum to enhance thermal stability of the grains and minimize grain boundary diffusion at high operating temperatures, and subsequently lapped and polished to an optical degree with a surface roughness R a < 1 nm. The fabrication of the PhCs involves the steps of pattern definition by interference lithography (IL) based on a trilayer resist process, 30 defining the final cavity diameter by ashing of the photoresist and antireflective coatings, pattern transfer to a thin chrome (Cr) hard mask by reactive ion etching (RIE), and the final etching of the substrate by deep reactive ion etching (DRIE) using an SF 6 based Bosch process. With this etch process we have been able to achieve up to 7 mm deep cavities with an aspect ratio of 5, steep sidewalls and negligible sidewall roughness (see Fig. 3a ). The selectivity of the Ta etch is high enough that 120 nm of Cr hard mask is sufficient for this etch depth, and the etching of the Cr hard mask is negligible. As we employ achromatic interference lithography on a Mach-Zehnder setup 31 the fabrication scheme is easily scalable to large area substrates while maintaining long range fabrication precision over large areas. Fabricated samples show impressive uniformity of the optical properties over the sample surface of up to 5 cm in diameter (Fig. 3a) . In another approach, we have also successfully used contact photolithography to achieve large area pattern definition of the 2D PhC.
The spectral emissivity of fabricated Ta PhCs, as obtained from near normal incidence reflectivity measurements at room temperature, is shown in Fig. 3b . The specular reflectivity R was measured with an OL750 spectroradiometer in the range of 1-3 mm. For the opaque samples, the emissivity E is given by E ¼ 1 À R. Note that diffraction, which occurs below a wavelength corresponding to the period of the PhC and increases the total reflection, is not captured by this method. As can be seen in Fig. 3b , a sharp cutoff between high and low emissivity regions and very good agreement with simulation results (as obtained from FDTD simulations) is achieved. Studies of the influence of various fabrication imperfections show that in this case, the slight broadening of the cutoff and increase of the emissivity above the cutoff wavelength is mostly due to a slight tapering of the sidewalls. Sidewall disorder, i.e. random roughness of the cavity edge can be neglected due to our optimized dry etch process of the Cr hard mask, which allows for precise control of the cavity diameter and smooth edges as compared to a wet etch process (as previously used for W PhCs 24, 25 ). Also, we ensured by Auger electron spectroscopy (AES) that there is no contamination from the Cr hard mask after removal of the etch mask, which would be detrimental to the desired low emissivity at long wavelengths. Preliminary investigation of the spectral emission at elevated temperatures measurements show that the emission of the fabricated Ta selective emitters is stable at a heater temperature of 1000 C for more than an hour. Further evaluation of the spectral emission and high temperature stability is under way. These results confirm the viability and performance of Ta based PhCs as selective emitters and absorbers opening a new path to high efficiency high temperature nanophotonic devices tailored for applications in energy conversion schemes.
Tungsten selective emitters
One approach to spectrally selective emitters/absorbers encompasses multilayer stacks and multimaterial structures.
21,32-35
However, the usage of multiple materials is detrimental to stable performance at high operating temperatures as discussed above, due to thermochemical stresses between the materials and chemical reactions initiated at elevated temperatures. Also, more elaborate 3D PhCs fabricated by layer-by-layer or other techniques like templated electrodeposition contain multiple interfaces prone to thermal degradation. 18, 36, 37 Early studies exist regarding thermal degradation by surface diffusion and enhancing thermal stability by additional surface coatings.
37,38
For thermal stability and high performance at elevated temperatures it is most advantageous to use all-metallic 2D PhCs which reduces the number of interfaces. In particular, refractory metals exhibit low emissivity at long wavelengths (i.e. above $2.5 mm) and increasing emissivity in the near infrared, in addition to high melting points (>3000 K) and low vapor pressure. This low emissivity at long wavelengths is vital for selective emitters for energy conversion applications like TPV, since longer wavelength emission is generally below the bandgap of the current state of the art low bandgap TPV cells, and lost as waste heat. The increased emissivity below $2.5 mm due to interband transitions on the other hand enables us to easily enhance emission in the wavelength range important for TPV energy conversion. This intrinsic wavelength selectivity is also necessary for application as an efficient solar selective absorber characterized by strong solar absorption and low thermal emissivity, as will be discussed below. Most promising designs aiming at spectral selectivity have been proposed on the basis of 2D surface structured tungsten, with notable results both in theory as well as experiment. 16, 20, [22] [23] [24] [25] In one interesting approach, S. Fan and Rephaeli have presented a selective absorber based on a periodic array of tungsten pyramids, with spectral selectivity over a broad angular band (for incident angles up to 60
). 22 This design is based on impedance matching of the incident wave by a gradual adiabatic change of the effective refractive index of the substrate. A solar TPV system using this absorber in conjunction with a large area selective emitter has been proposed, with the potential to exceed the Shockley-Queisser limit 39 of 41% efficiency under full concentration of sunlight, using a 0.7 eV PV cell under high sun concentration (about 2000 suns) and assuming a high area ratio (more than 16) for the absorber/emitter pair.
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In a different approach a 2D photonic crystal can be designed so as to match the edge of its optical bandgap to the desired cutoff wavelength of the emissivity, as presented above for Ta. Both selective emitters and absorbers made of W have been presented based on this approach. 20, 40, 41 Based on a 2D array of cylindrical cavities in W, an optimized design for broadband angular and spectral selectivity of a solar absorber was recently presented. 41 Such an absorber operating at 1000 K and employing 100 sun concentration yields a thermal transfer efficiency of 74.1%. In this study, the tremendous impact of the spectral and angular selectivity of the absorber on the overall energy conversion efficiency of a solar TPV system was demonstrated, taking into account all system parameters of cut-off frequencies, acceptance angles, absorber/emitter ratio, TPV bandgap and temperature. 41 It could be shown that incorporating angular selectivity to the absorber, even using typical values for spectral selectivity and unconcentrated sunlight, the system efficiency can be increased to 37% as opposed to merely 10.5% for a typical spectrally selective absorber without angular selectivity. This result would also exceed the Shockley-Queisser limit 39 of 31% efficiency without concentration of sunlight. Also, a highly selective emitter based on a tungsten 2D PhC was recently proposed, following the design route for metallic 2D PhC selective emitters as presented below. It was fabricated on a 1 cm diameter single crystal substrate and its high temperature emission properties were characterized. 24, 25 It exhibited short wavelength emissivity reaching that of a blackbody emitter, broadband low emissivity at long wavelengths and a sharp cut-off between the two regions, offering an exceptional emissivity contrast of 4 : 1 over 10% wavelength separation. A fabrication route to obtain uniform fabrication while maintaining nanoscale accuracy was described, and thermal emission measurements at high temperatures ($1200 K) of fabricated samples have demonstrated its exceptional high temperature performance (see Fig. 4 ).
Design and modeling of metallic PhCs
Understanding the optical properties of 2D photonic crystals enables us to engineer their spectral and directional emissivity and to design structures with a tailored selectivity. The most simple design comprises a square array of cylindrical cavities with period a, radius r, and depth d etched into a uniform substrate, 20 and the basic principles and mechanisms leading to spectral selectivity can be readily understood and exploited to achieve a desired cut-off wavelength.
In general, the enhancement in emissivity is achieved by coupling into resonant electromagnetic modes of the cavity, whereby the cut-off wavelength is approximately given by the fundamental mode of the cylindrical metallic cavity. 20, 23, 42 For radiation with wavelengths shorter than the fundamental cavity resonant wavelength, enhanced absorption occurs due to the increased interaction time with the absorptive metal. (Note that via Kirchhoff's law of thermal radiation, emissivity and absorption must be equal at every wavelength.
43
) On the other hand, there are no modes to couple to for radiation with wavelengths longer than the fundamental cavity resonant mode, thus achieving the desired wavelength selectivity. Using these guidelines, we can tailor the cut-off wavelength by selecting the appropriate r and d as a first step. To further enhance the selective emitter's performance, we have developed an analytical approach based on coupled-mode theory 44 to select the appropriate r, d, and a. 25, 29 Following this approach, the maximum emissivity below the desired cut-off wavelength is achieved when the radiative and absorbing quality factors Q rad and Q abs of the photonic crystal cavity resonances are matched. In this case, the interaction time of light is long enough to be absorbed efficiently. For Q rad > Q abs the radiation is undercoupled to the cavity modes and free space radiation does not sufficiently enter the cavity, resulting in less than optimal absorption. For Q rad < Q abs on the other hand, free space radiation is overcoupled to the PhC cavity resonances, and light is radiated back into free space before it can be absorbed. The first step in optimizing the PhC design for maximum peak emissivity therefore is to compute the quality factors Q rad and Q abs of the cavity, and to optimize the cavity parameters (radius r and depth d) to achieve Q-matching. Following the analysis in Ghebrebrhan et al. 29 it is found that for a particular cut-off wavelength, an optimal pair of r and d exists. The period a has a significant influence on the emissivity only at wavelengths close to or smaller than the periodicity, whereupon diffracted plane waves and surface plasmon modes start to appear. Because the emissivity enhancement is dominated by the Q-matched electromagnetic cavity modes, surface plasmons can be neglected in the analysis. 29 In contrast, diffractive modes decrease the emissivity below the cut-off, as higher-order resonances may couple into multiple channels corresponding to diffraction, thus increasing total reflectivity. To achieve the intended broadband emissivity enhancement it is therefore important to choose the smallest period possible for a fixed radius, such that multiple resonances only re-emit back into the incident channel (i.e. above the diffraction limit). The period a is then limited only by the sidewall thickness that must be thicker than the skin-depth of the metal to preserve the wavelength selectivity of the emitter, and thick enough to facilitate fabrication.
With this first design choice of parameters, obtained for a particular cut-off wavelength by Q-matching, the electromagnetic properties of a periodic array of cavities can be computed by numerical simulations, and the parameters of the PhC further optimized to achieve the desired selectivity. The maximum of a target function (i.e. system efficiency) can be found by a global optimization algorithm including all optimization parameters (as described in Bermel et al. 40 ). We use MEEP, a finite difference time domain (FDTD) 27 simulation algorithm developed at MIT 28 to calculate the reflectivity and absorption (their sum amounting to unity) of the optimized PhC. Note that this calculation method is exact apart from the approximations of material dispersions (which is included in the calculation by a Lorentz-Drude oscillator model) and grid discretization.
As the magnitude of the first emissivity peak in the first instance is controlled solely by Q-matching, this design route is directly applicable to PhCs made of any highly reflective metallic material (e.g. platinum, silver, tungsten, tantalum, or alloys), allowing us to tailor the substrate properties according to the requirements of the application. As discussed above, refractory metals are particularly advantageous as they exhibit both high melting point and low vapor pressure, which makes them particularly suitable for very high temperature applications with proper vacuum packaging.
Emerging applications: thermophotovoltaic energy conversion
More than 92% of the world's primary energy sources (i.e. fossil fuels and nuclear energy) are converted into electrical and mechanical energy through thermal processes, and solar energy is fundamentally a high temperature ($5800 K) heat source. As the majority of energy production and conversion is at some stage transformed into thermal energy, understanding and being able to manipulate and convert thermal directly into electrical energy opens numerous possibilities, eliminating other more lossy conversion stages, or using heat that is otherwise lost as waste heat in a variety of processes to gain back valuably energy. TPV energy conversion was first proposed in 1960's. 45, 46 It is a direct thermal to electric energy conversion scheme, whereby photons produced by a thermal emitter drive a suitable low-bandgap photovoltaic (PV) cell. This concept permits direct thermal to electrical energy conversion without any mechanical components and on small device scales, i.e. with high power densities, fundamentally limited only by Planck's blackbody law. In a photovoltaic system, the efficiency is limited due to the mismatch of the radiation spectrum and the spectral properties of the PV diode: photons with energies below the bandgap do not contribute to the electrical current, and for each high energy photon, the energy in excess of the bandgap is dissipated as waste heat (phonons) and thus lost in the sense of power conversion. The efficiency of any TPV system therefore depends on the careful match of the emitter spectrum to the electronic bandgap and spectral properties of the PV material, and can be tremendously increased by the use of spectrally selective emitters.
The TPV approach is schematically illustrated in Fig. 5 . The thermal energy from any heat source is used to heat a selective emitter, which emits photons preferably in a narrow bandwidth Dl below the bandgap l PV of the PV cell. A (cold side) filter in front of the PV cell can be used to additionally narrow down the spectrum and reflect any low energy photons, which are reabsorbed by the selective emitter, while transmitting most of the useful high energy photons.
The efficiency of the TPV system as illustrated in Fig. 5 depends on the operating temperature of the system, which defines the energy of the maximum emission according to Planck's law, the energetic position of the bandgap of the PV cell and its external quantum efficiency, and the spectral selectivity of the emitter and the filter, if applied. In a realistic system, additional losses due to thermal conduction and convection as well as side losses have to be taken into account, and can be amended for by proper system design, vacuum packaging and a high view factor, i.e. small distance between the emitter and the PV cell.
Regarding the spectral match of the peak emission to the PV cell, TPV energy conversion is profiting tremendously from the research advancements and the availability of narrow gap semiconductors for photodiode fabrication (e.g. Ge with 0.66 eV, GaSb with 0.72 eV, InGaAs with 0.6 eV and GaInAsSb with 0.53 eV), pushing the ideal cut-off wavelength of the emitter to longer wavelengths. Different TPV systems based on GaSb,
48,49
InGaAs 50-52 and quaternary InGaAsSb 47,53-55 diodes as well as thin film CIGS photocells 56 have been proposed and demonstrated. The narrow bandgaps of these alternative diode materials allow for a higher spectral overlap between the emitter and the diode material, even at lower emitter temperatures. To reach a maximum emission at the bandgap wavelength, high operating temperatures are necessary -the maximum emission of an ideal blackbody being at about 2.5 mm ($0.5 eV) at 1200 K and at about 2.0 mm ($0.62 eV) at 1500 K (Fig. 5 bottom) . The high operating temperatures impose strict requirements on the material properties and thermal stability of the selective emitter used. With new achievements in material and device engineering for all-metallic 2D PhC selective emitters as discussed above, TPV systems have advanced to high temperature devices, with longterm operation stability at temperatures well above 1200 K becoming feasible. This is a critical advancement in the field of solid state thermal-to-electrical energy conversion. Also, with such highly selective emitters, a decent efficiency even at lower operating temperatures can be achieved.
TPV has proven to be an extremely versatile energy production and conversion concept, as it can be employed to convert energy of any thermal source into electrical energy. Thus, a variety of applications have been proposed, encompassing combustion TPV, [57] [58] [59] radioisotope TPV 60 as well as solar TPV, 61 solar thermal and solar chemical applications 62 ( Fig. 6 ) with highly promising key figures such as efficiency, power density and output power. In comparison to conventional thermal to electrical energy conversion by mechanical engines, the TPV concept offers the advantage of versatility of the 'fuel', higher reliability and less maintenance requirements due to the absence of moving parts, and the potential for smaller form factors and higher power densities. Indeed a micro-TPV system with a 1 cm 2 microreactor operating at 850 C and an output power of 150 mW has been proposed and demonstrated. 57 Radioisotope TPV applications are used with radioisotope fuel cells, and allow for a very robust and stable energy source for long-term operation (18-30 years) in extreme environments, therefore ideal for space applications but also for terrestrial energy supply where other energy sources are not available or stable long-term operations is needed.
Another promising technology that can potentially beat the Shockley-Queisser limit 39 is solar TPV, where the expected efficiencies and key figures have been particularly well studied.
63-65
In the solar TPV system, (concentrated) solar radiation is absorbed by a selective absorber and used to heat a selective emitter. This combined absorber/emitter structure can be designed to efficiently absorb broadband solar radiation and convert it to suitable narrow-band emission matching the bandgap of the PV cell.
The absorber ideal for solar-thermal as well as solar TPV energy conversion has to absorb any radiation of wavelengths below a cut-off and exhibit completely suppressed emission above this wavelength in order to prevent energy losses by reemission of photons. Therefore, a step-function profile is targeted for the absorptivity characteristics of an ideal absorber, where the position of the cut-off wavelength depends on the absorber temperature and the solar concentration factor, as a balance between the long wavelengths portion of the solar spectrum that is not absorbed and the losses by re-emission of the absorber has to be established. To keep these losses low, the cutoff wavelength has to be shifted towards shorter wavelengths with increasing operation temperature, compensating the blueshift of the blackbody emission with rising temperature.
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A number of material types have been studied for solar thermal and early solar TPV applications, among them intrinsically selective materials (materials intrinsically exhibiting spectrally selective absorption to some extent), metal-dielectric composites (cermets), semiconductor-metal tandems, multilayer absorbers and surface structured metals 66 -but none of them are stable at the elevated temperatures required for high efficiency solar TPV or solar thermal applications. As discussed above, the use of metallic 2D PhCs for selective absorption and emission is particularly advantageous and opens up the possibility for efficient high temperature operation. In addition to the spectral match of the incident photons to the bandgap of the PV cell, losses from radiative recombination in the PV cell can be reduced in a TPV system: photons radiated from the PV cell in unwanted radiative electron-hole recombination processes can be recycled by the TPV system as they are re-absorbed by the emitter. 65, 67 Therefore, the PV cell can be operated close to open-circuit condition, whereas a conventional PV system has to be operated at its maximum power point at lower voltage, in order to minimize the losses caused by radiative recombination in the PV cell. In the case of an optimal design for this intermediate step, the efficiency of a solar thermal TPV system can even exceed that of single-junction PV cells. It has been predicted that the theoretical efficiency limit of a solar TPV system can surpass the Shockley-Queisser limit 39 for a single-junction solar cell, stating that the maximum efficiency of a single-junction solar cell cannot exceed 31% without and 41% under full concentration of sunlight. In contrast solar TPV systems can have theoretical efficiencies of up to 54% without and 85% under full concentration of sunlight 65, 67 which is very close to the theoretical limit for a tandem configuration of infinitely many PV cells with different bandgaps of 86.8%.
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For any TPV applications, the careful design of the selective emitter or absorber/emitter regarding high optical selectivity, while considering their material and structural stability at high operating temperatures, is the key to obtaining the high efficiencies and impressive key figures proposed by theoretical studies.
Conclusions
In recent years, research in the field of high temperature nanophotonics has brought forward a number of very interesting approaches for selective emitters, the crucial component to boost the efficiency and thereby proof the viability of novel high temperature thermal-to-electrical energy conversion schemes. In particular, most promising approaches to spectrally and directionally controlled thermal radiation so far have been based on 2D surface structured tungsten, due to its high thermal stability and intrinsic selective emissivity, and a number of selective tungsten emitters and absorbers have been demonstrated both in theory as well as practice.
In our most recent approach, we have demonstrated selective emitters based on Ta, which has superior machinability and weldability as compared to W along with the favorable thermal properties, making the selective emitters based on Ta suitable for system integration. The fabrication route presented here together with the design route for all-metallic 2D PhCs allows for a substrate choice to meet the system requirements regarding mechanical, optical, and thermo-mechanical material properties and allow system design for energy conversion on a compact onematerial platform.
We have demonstrated the use of large area (5 cm diameter), large grain polycrystalline Ta substrates and a fabrication scheme based on interference lithography and dry etching (RIE), opening up a route to large area selective emitters. The fabrication process presented here also allows for upscaling to larger, wafer-sized substrates. We have presented deep cavity Ta resonators etched by an optimized Bosch process obtaining an aspect ratio of up to 5, allowing for efficient coupling to the resonant cavity modes. The measured emissivity at room temperature showed excellent agreement with theory, an outstanding selective enhancement of the emissivity below the target cut-off wavelength and a steep cut-off while maintaining the low intrinsic emissivity of flat Ta above the cut-off wavelength. Preliminary results of high temperature emissivity measurements showed that the emissivity of the fabricated Ta selective emitters is stable at a heater temperature of 1000 C for more than an hour. These promising results demonstrate the efficiency of selective emitters based on 2D photonic crystals in refractory metals. They are paving the way for novel high efficiency high temperature thermal-to-electricity conversion schemes based on selective emitters and absorbers, like thermophotovoltaic (TPV), solar thermal and solar TPV, as well as thermal-to-chemical energy applications.
